During summer and early autumn, reindeer and caribou (Rangifer tarandus) must exceed daily maintenance requirements for protein and energy to replenish body reserves for winter survival and reproduction. We estimated the maintenance requirements and the incremental costs of mass gain of captive female Siberian reindeer (R. t. tarandus) during summer and autumn by a mass balance approach. Intake (88 versus 56 g kg −0.75 day −1 ) and digestibility (89% versus 81%) of dry matter were greater in summer than in autumn on the same diet. Body mass increased over the summer and remained stable into autumn. At zero mass gain, reindeer required 911 kJ kg −0.75 day −1 digestible energy and 1.12 g kg −0.75 day −1 digestible nitrogen (N). Requirements of N were affected by endogenous losses of N in the feces that were 72-82% of total fecal N. During summer, reindeer would need to consume forage containing more than 9.5 ± 0.4 (SE) kJ g −1 digestible energy and 1.17 ± 0.4 (SE) % digestible N to gain body mass at intakes of 98 g kg −0.75 day −1 . Reindeer could use a mix of graminoids and browse to meet energy demands and gain fat (6-18 kJ g −1 ) but may not be able to maintain or gain body protein in late summer as forages senesce and N contents decline below 1% of dry matter.
Browsers and grazers contend with variation in forage abundance and quality among seasons and between years (OwenSmith 2008) . For ungulates in northern ecosystems, forage abundance increases during the short growing season; however, concentrations of digestible energy and protein peak in late spring then decline gradually through summer as the plants senesce (Albon and Langvatn 1992; Johnstone et al. 2002; Hamel and Côté 2007; McArt et al. 2009; Gustine et al. 2017) . Capital breeders use the high quality and quantity of forage during summer to increase body fat and body protein stores, which facilitates breeding in autumn and gestation over the winter when forage quality is low (Houston et al. 1989; Cook et al. 2004; Parker et al. 2009 ). Furthermore, to accumulate these body stores, capital breeders increase food intake during summer and early autumn (Schwartz et al. 1984; Adamczewski et al. 1994; Mesteig et al. 2000; Turbill et al. 2011) . Females that have gained more body stores in autumn tend to have higher pregnancy rates (Adamczewski et al. 1997; Festa-Bianchet et al. 1998; Keech et al. 2000; Cook et al. 2004; Veiberg et al. 2016) ; however, these body reserves may be expended for survival in harsh winters that can decrease the reserves for reproductive investment in the fetus and in milk for the calf Bårdsen et al. 2010) .
During the growing season, capital breeders must exceed daily maintenance requirements for protein and energy to replenish body reserves by finding and processing available forage. Time spent foraging may be limited by factors such as warm temperatures, insect harassment, and vigilance for predators (Renecker and Hudson 1990; Bøving and Post 1997; Hamel and Coté 2007; Long et al. 2014) . Similarly, time spent searching for forage within a patch or time spent traveling between patches of vegetation limits time available for foraging and can have multiplier effects on intake (White 1983; Searle et al. 2005) . Furthermore, plant secondary metabolites may suppress forage intake and limit energy and protein absorption (Iason and Murray 1996; McArt et al. 2009 ; Thompson and Barboza 2014) . The sensitivity of a capital breeder to restrictions on foraging increases with the requirements for energy and protein because high maintenance costs must be supported before animals can grow or reproduce.
Estimates of energy and nutrient requirements can be used to calculate the quality and quantity of food needed by wild animals (Robbins 1993; Karasov and Martinez del Rio 2007; Barboza et al. 2009 ), and to assess the impacts of ecological change on the population and the species through simulation models (Owen-Smith 2007; Grant and Swannack 2008) . Maintenance requirements are the foundation of simulation models that have been used to assess the effects of natural and anthropogenic changes on ungulates for decisions of management (Plumb et al. 2009; Hopcraft et al. 2010; White et al. 2014; Pekkarinen et al. 2015) . Caribou and reindeer (Rangifer tarandus) are the most abundant ungulates in the circumpolar north and thus central to the social and ecological systems of North America and Europe from the boreal forest to the high arctic (Tyler et al. 2007; Kofinas et al. 2010) . In Alaska, Siberian reindeer (Rangifer tarandus tarandus) are more sedentary (Cebrian et al. 2008; Finstad 2008) than wild barren ground caribou (Rangifer tarandus groenlandicus), thus changes in requirements and food intake are directly related to mass gains and the likelihood of survival and reproduction on that same range in winter.
Daily energy requirements for caribou and reindeer have been estimated with indirect calorimetry, doubly labeled water, and mass balance. Indirect calorimetry of Rangifer held in individual crates for measures of oxygen consumption and carbon dioxide production have been used to estimate energy required by fed animals at rest (resting metabolic rate [RMR] ) and by fasted animals at rest (FMR) (McEwan 1970; Nilssen et al. 1984; Fancy 1986; Cuyler and Øritsland 1993) . Only 2 of these studies were completed during the summer to estimate the minimal expenditure of energy by both fed and fasted animals (Nilssen et al. 1984; Fancy 1986) . Doubly labeled water has also been used to estimate total daily energy expenditure during the summer for individual captive Norwegian reindeer (R. t. tarandus) held in small, semi-outdoor graveled paddocks (Gotaas et al. 1997) . A mass balance approach uses energy intake and the change in the body (i.e., body mass or total body energy) over time ). This approach has been used to estimate maintenance energy requirements for wild ruminants such as moose (Alces alces), Phillip's dikdik (Madoqua saltiana phillipsi), and barren ground caribou (R. t. groenlandicus-Schwartz et al. 1988; Dittmann et al. 2014; Thompson and Barboza 2014) . The mass balance approach has provided the only estimate of the maintenance requirement for nitrogen (N) for Rangifer; however, this estimate was from 4 adult reindeer (2 males and 2 females) and 2 caribou calves (McEwan and Whitehead 1970) . A mass balance approach for estimating summer and early autumn energy and protein requirements of adult female reindeer, measured from individual animals within a herd, would provide a better estimate of these parameters.
We used the natural transition of individual food intake from summer into autumn to estimate the maintenance requirement for energy and N and the incremental costs of mass gain for adult, female Siberian reindeer (R. t. tarandus) living in large, communal outdoor pens. Furthermore, we evaluated how endogenous and exogenous factors influence dry matter intake, digestible energy intake, and digestible nitrogen intake. Lastly, we evaluated how fecal N is influenced by a similar suite of exogenous and endogenous factors because fecal N is used as an index of diet quality in northern ungulates.
Materials and Methods
Animals and facilities.-All procedures for care, handling, and experimentation of animals followed guidelines of the American Society of Mammalogists (Sikes et al. 2016) and were approved by the Institutional Animal Care and Use Committee, University of Alaska, Fairbanks under protocol #131442. We studied adult female reindeer at the University of Alaska, Fairbanks -Robert G. White Large Animal Research Station (LARS), located in Fairbanks, Alaska, United States. All reindeer in this study were born and maternally raised at LARS in a captive herd of Siberian reindeer. The reindeer were 2-year-old non-reproductive females at the beginning of the study but were allowed to breed for the 1st time during autumn. Reindeer were held in 1.2-ha outdoor pens that contained both grassland (Bromus spp., Equisetum spp.) and woodland (Salix bebbiana, Betula papyrifera, and Populus tremuloides) vegetation. Ambient air temperature (°C) and day length (hours/day) were recorded from a National Oceanic and Atmospheric Administration weather station 3.2 km south of LARS (University of Alaska, Fairbanks, Geophysical Institute).
Individual measurement.-Reindeer were fed formulated rations using a Calan Broadbent Feeding System to measure individual intake (American Calan, Inc., Northwood, New Hampshire- Mazaika et al. 1988; Barboza 2013, 2014) . Rations were formulated to meet N and energy requirements with ingredients described in Barboza and Parker (2006) and produced to specification by Alaska Pet and Garden, Anchorage, Alaska. Food offered and food refused were subsampled (70 g) each day for chemical analysis. Fresh water was provided ad libitum at all times from a trough until enough snow covered the pen in October. Reindeer were weighed weekly on a platform scale (± 0.1 kg; Tru-Test Model 703, San Antonio, Texas- Barboza 2013, 2014) . We immobilized animals before and after the study in March and November, respectively, to measure maximum subcutaneous rump fat by ultrasound, mandible length, and metatarsus length (Gustine et al. 2007; Thompson and Barboza 2013) . Fecal samples were collected each week from each animal after an observed defecation, and the sample was immediately frozen for chemical analysis.
Experimental design.-We studied responses of reindeer (n = 5) to changes in ration quality during the summer and autumn of 2011. We measured individual intake and body mass of reindeer over 7 days in each of 5 study periods between 29
June and 1 November 2011 (Fig. 1 ). Intake and body mass were not measured from 18 August to 5 October 2011 when animals were held with males for breeding. To evaluate seasonal influences on food intake, we compared responses to the same high-quality ration (Table 1 ; Ration 1), developed to meet requirements for maintenance, growth, and reproduction of Rangifer (Barboza and Parker 2006, 2008) during both midsummer (Julian days 180-186) and autumn ( Fig. 1 ; Julian days 279-285). Furthermore, we studied how reindeer responded to a sequence of 4 rations that simulated the decrease in N and digestible energy of natural forages available to Rangifer from summer into early winter ( Fig. 1 ; Table 1 ; Kuropat 1984; Klein 1990; Johnstone et al. 2002; Gustine et al. 2017) . Rations were formulated to mimic senescence of forage from summer into autumn with 3 fiber levels (low, medium, and high) and 2 levels of available protein ( Fig. 1 ; Table 1 ; Cook et al. 2004; Tollefson et al. 2010) .
Chemical analysis.-Samples of food were dried to a constant mass at 55°C in a convection oven. Frozen fecal samples were dried to a constant mass in a freeze dryer (Labconco Model 7755044, Kansas City, Missouri). Dry samples were homogenized by grinding through a Wiley mill with #20 mesh (1.25 mm) before each sample was analyzed for ash, neutral detergent fiber (NDF), acid detergent fiber (ADF), lignin, total nitrogen (N), and ADF nitrogen (ADF N) (Van Soest et al. 1991; Barboza and Parker 2006) . We measured gross energy content of the formulated diets and fecal samples with a bomb calorimeter (Parr Instruments, Moline, Illinois- Barboza and Parker 2006) . Dry rations, feces, and representative samples of newly emergent grass and fallen leaves available in the pen were digested in acid (perchloric, nitric, and sulfuric mix) for analysis of manganese (Mn) by directly coupled plasma spectrometry (Iris DCP, Thermo Elemental, Cheshire, United Kingdom) against certified standards .
Calculations.-We calculated digestible energy content for each ration as the product of gross energy content and in sacco dry matter digestibility measured as the loss of dry matter from a polyester bag suspended within the rumen of fistulated reindeer (VanSomeren et al. 2015) . Available protein in each ration was calculated as the difference between total N and ADF N, which was converted to crude protein at 16 g N per 100 g crude protein (Robbins 1993; Barboza et al. 2009 ). Dry matter intake of the formulated diet was expressed on the basis of metabolic body mass (kg 0.75 ). Digestibility of dry matter was estimated from the concentrations of lignin in food and feces (Peltier et al. 2003; Barboza and Parker 2006; Barboza et al. 2009; Thompson and Barboza 2013) . To assess consumption of grass and fallen leaves from trees, digestibility of dry matter was also estimated with concentrations of Mn in the ration and feces for comparisons with those from lignin. We used lignin concentrations to calculate fecal loss of dry matter as the product of dry matter intake and indigestibility. Digestible intakes of N and gross energy were calculated as the respective difference between daily intake and fecal loss. We used the acid detergent residue to determine indigestible N in fiber because neutral detergent contributes N to the fiber residue (Gustine Data were analyzed using programs in STATA version 13.0 (StataCorp LP, College Station, Texas). We used robust estimates of variance to minimize any effects of skewed or non-normal distributions (Zar 1999) . All means are reported with 1 SD (± SD) unless otherwise noted. We used analysis of variance (ANOVA) to analyze environmental conditions and diet composition. Multiple observations of the same animal were adjusted by using repeated measures ANOVA with Huynh-Feldt correction for the F-statistic to analyze changes in body mass, dry matter intake, and fecal N. Estimates of maintenance requirements of energy and nitrogen were predicted with a mixed-model regression with individual as a random factor (Rabe-Hesketh and Skrondal 2010; Mitchell 2012). We used mixed-model regression to assess the effects of exogenous and endogenous drivers on dry matter intake, digestible energy intake, digestible N intake, and fecal N, respectively, with observations nested within individual over time (median Julian day of each experimental period). Model coefficients were compared with zero using a z-test at P < 0.05. We started with a full model that was reduced by first removing interactions and then removing main effects with coefficients that were not significant (P > 0.05). The full model for dry matter intake included diet quality (dry matter digestibility), animal size (body mass), and animal condition (daily change in body mass). Similarly, the full models for digestible intakes also included dry matter intake, body mass, and daily change in body mass with either digestible energy content or digestible N content as measures of diet quality. The full model for assessing the drivers of fecal N included body mass, dry matter intake, dry matter digestibility, dietary N intake, digestibility of N, and the interactions between intake and digestibility for both dry matter and N. We used a robust sandwich estimator for the variance-covariance matrix of estimates to minimize the effects of heteroscedacity and non-normal distributions on the analysis (Rabe-Hesketh and Skrondal 2010).
resUlts
Environmental conditions.-Ambient air temperature remained above freezing and was not different among the 3 feeding trials in the summer when mean temperature was 15.4 ± 1.2°C ( Fig. 1A ; F 2,18 = 2.64, P = 0.099). Ambient air temperatures dropped below freezing in the autumn as temperatures declined from an average of −9.8 ± 4.7°C to −28.4 ± 5.0°C between the 4th and 5th trials ( Fig. 1A; F 1,12 = 52.10, P < 0.001). Day length was significantly different among the 5-week-long feeding trials ( Fig. 1A ; F 4,30 = 3920.31, P < 0.001), starting at a high of 21.6 h day −1 (Julian day 180) shortly after the summer solstice and decreasing to 8.0 h day −1 at the end of the study (Julian day 305).
Diet, mass gain, and intake.-The formulated rations had similar gross energy levels (F 3,3 = 8.11, P = 0.059) but varied in both protein and fiber levels ( Fig. 1B; Table 1 ). Ration 1 and 2 had higher available protein than Ration 3 and 4 ( Fig. 1B ; F 1,25 = 506.81, P < 0.001). All fiber concentrations were different between low, medium, and high fiber rations (Table 1; NDF: F 2,27 = 221.47, P < 0.001; ADF: F 2,27 = 769.07, P < 0.001; lignin: F 2,27 = 42.46, P < 0.001). Estimated dry matter digestibility with lignin was greater in summer than in autumn for Ration 1 (F 1,23 = 42.47, P < 0.001; 0.89 g g −1 ± 0.01 and 0.81 g g −1 ± 0.05, respectively). Dry matter digestibility against lignin was greatest for Ration 1 (F 3,46 = 24.71, P < 0.001) but did not differ among the other rations (F 2,22 = 0.54, P = 0.59; Ration 2 = 0.75 g g −1 ± 0.03; Ration 3 = 0.72 g g −1 ± 0.08; Ration 4 = 0.74 g g −1 ± 0.04). Digestible energy content for Ration 1 decreased from summer to autumn ( Fig. 1; F 1 ,18 = 13.81, P = 0.002). Digestible energy content for Rations 2, 3, and 4 were similar ( Fig. 1; F 2 ,22 = 1.40, P = 0.27), but lower than Ration 1 ( Fig. 1; F 3 ,41 = 41.63, P < 0.001). Concentration of Mn in the rations was 33 ± 7 ppm, which was much lower than that of the grass (282 ± 27 ppm) and fallen tree leaves (566 ± 78 ppm) available in the pen. Concentrations of lignin in grass (0.14 ± 0.01 g g −1 ) and fallen tree leaves (0.29 ± 0.07 g g −1 ) also were greater than those in the rations (0.03 ± 0.01 g g −1 ). Estimates of dry matter digestibility were significantly lower from Mn than from lignin in the 1st (−0.18 ± 0.02; t = 7.03; P < 0.001) and 2nd periods (−0.12 ± 0.02; t = 7.03; P < 0.001) but those estimates were not significantly different in the remaining 3 periods.
Body mass increased over the summer ( Fig. 2A ; F 2,6 = 69.43, P < 0.001) and remained stable from late summer into autumn ( Fig. 2A; F 3 ,11 = 3.15, P = 0.11). Maximum rump fat thickness increased over the summer (F 1,4 = 15.67, P = 0.015; 5.1 cm ± 1.6 to 8.2 cm ± 1.0); however, mandible length (F 1,4 = 2.00, P = 0.230; 28.9 ± 1.3) and metatarsus length (F 1,4 = 2.67, P = 0.178; 35.2 ± 0.9) did not change over the same period of time. Mass change per day decreased from early 18.0 ± 0.4 17.4 ± 0 17.0 ± 0 17.0 ± 0.1 Neutral detergent fiber (g 100 g −1 ) 38.5 ± 2.0 45.0 ± 1.6 45.2 ± 0.4 54.7 ± 1.1 Acid detergent fiber (g 100 g −1 )
16.8 ± 1.0 28.4 ± 1.0 28.5 ± 0.6 32.4 ± 0.8 Lignin (g 100 g −1 )
1.7 ± 0.8 3.1 ± 0.7 3.2 ± 0.8 4.7 ± 0.6 Total nitrogen (g 100 g −1 )
2.4 ± 0.1 2.6 ± 0.2 1.3 ± < 0.1 1.2 ± < 0.1 Nitrogen in ADF (g 100 g −1 )
0.02 ± < 0.01 0.03 ± < 0.01 0.03 ± < 0.01 0.04 ± < 0.01 summer into autumn ( Fig. 2B ; F 4,14 = 9.57, P < 0.001). Mass change in summer remained positive but declined from early summer to late summer ( Fig. 2B ; Julian days 183-226). After breeding in autumn, average mass change per day was negative ( Fig. 2B ; Julian days 282-302). Dry matter intake was lower in autumn than during the summer ( Fig. 3; F 1 ,17 = 85.45, P < 0.001). Dry matter intake was not different between the 3 summer rations ( Fig. 3 ; F 2,6 = 3.18, P = 0.12) but was different between the 2 rations provided in autumn ( Fig. 3; F 1 ,4 = 44.57, P = 0.003). Digestible energy intake was similar among rations during summer (F 2,6 = 0.19, P = 0.75) but declined significantly from summer to autumn (F 4,14 = 52.02, P < 0.001). Digestible energy intake also decreased for Ration 1 from summer to autumn (F 1,3 = 78.48, P = 0.003). Digestible protein intake declined from early summer into autumn (F 4,14 = 66.34, P < 0.001) and was lower for Ration 1 in autumn than summer (F 1,3 = 88.06, P = 0.003).
The variables body mass, Julian day (time), and diet quality (digestibility of dry matter) best described dry matter intake for reindeer during summer and autumn (Wald χ 2 = 587.47, P < 0.001). Daily changes in body mass were small (range: −0.3 to +1.0 kg day −1 ) and did not significantly affect intakes of dry matter or its digestible components (z = −1.75, P = 0.08). Dry matter intake increased with body mass and decreased with increasing Julian day and the quality of the diet. Digestible intake of energy was influenced by diet quality (digestible energy content), dry matter intake, and time (Wald χ 2 = 2665.01, P < 0.001). Likewise, digestible intake of N was influenced by diet quality (digestible N content), dry matter intake, and time (Wald χ 2 = 835.14, P < 0.001). Digestible intakes of energy and N increased with diet quality and dry matter intake but declined slowly with increasing Julian day.
Predicting maintenance requirements for energy and protein.
-The requirement of digestible energy intake for maintenance of body mass was derived from a mixed-model regression of body mass change against digestible energy intake, with individual as a random effect. At zero mass gain, reindeer required a digestible energy intake of 911 kJ kg −0.75 day −1 (Fig. 4A) . The requirement for digestible N intake for maintenance of body mass was derived by 2 methods. The 1st method used a mixed-model regression of digestible energy intake against digestible N intake, with individual as a random effect. At the maintenance requirement for digestible energy ). The 2nd method used a mixed-model regression of body mass change against digestible N intake, with individual as a random effect. At zero mass gain, digestible N intake required was 1.14 g kg −0.75 day −1 (Fig. 4B) . Fecal nitrogen.-Fecal N was highest when reindeer were fed Ration 1 and declined with diet quality in the other 3 rations ( Fig. 5A ; F 4,14 = 15.92, P = 0.015). Fecal N did not change between season when reindeer were fed the same Ration 1 (Fig. 5A ; F 1,3 = 0.06, P = 0.821). Fecal N for reindeer during summer and autumn was most influenced by dietary N content, dry matter digestibility, N digestibility, and the interaction between dietary N content and N digestibility (Wald χ 2 = 587.16, P < 0.001). Fecal N increases with dietary N content and with dry matter digestibility but declines with N digestibility and with the interaction between dietary N content and N digestibility. In reindeer, excretory fecal N is more closely associated with MFN ( Fig. 5B ; Wald χ 2 = 299.25, P < 0.001) than fecal ADF N ( Fig. 5B ; Wald χ 2 = 0.33, P = 0.563).
discUssion
Reindeer ate more in summer than in autumn as they gained mass before the breeding season and then held or lost mass after breeding (Figs. 2 and 3 ). Dry matter digestibility was affectedby season because the same ration (high energy and protein)was 8% less digestible in autumn at low intake rates than in summer at high intake rates (Fig. 1B) . Seasonal changes in both digestibility and food intake had the greatest influence on digestible energy intake of reindeer while increasing fiber content also decreased digestibility within each season. Seasonal changes in the demand for energy and nutrients ultimately drive changes in digestive function of northern ungulates (Adamczewski et al. 1987 (Adamczewski et al. , 1997 . Reindeer increase digestibility and food intake when demands increase for milk production (Barboza and Parker 2008) . Our observation of high digestibility and food intakes of reindeer during mass gain is consistent with those of muskoxen (Ovibos moschatus) that follow a similar annual cycle of mass gain and reproduction. In muskoxen, high digestible intakes are achieved through small increases in the capacity of the rumen, the regulation of acid concentration in the rumen, and the capacity to degrade plant fiber by the community of microbes in the rumen (Barboza et al. , 2010 Crater et al. 2007 ).
Our data for Mn concentrations in feces indicate that grass and fallen leaves were probably a minor part of the diet for reindeer in this study. Manganese and lignin have been used as digestibility markers in reindeer as well as many other herbivores (Andras et al. 2002; Barboza and Parker 2006, 2008; Barboza et al. 2009; Worthy and Worthy 2014) . The concentration of both Mn and lignin was greater in the forages than the rations and thus the consumption of grass and leaves would have increased concentrations of both markers in the feces. Consequently, estimates of dry matter digestibility in both markers would have been decreased by forage consumption. We estimated that replacement of 10% of the intake from Ration 1 (0.87 g g −1 in sacco dry matter digestibility-Barboza and Parker 2006; VanSomeren et al. 2015) with equal proportions of grass (0.70 g g −1 digestibility) and fallen leaves (0.83 g g −1 digestibility) would have had a minor effect on the actual digestibility of the diet (0.86 g g −1 ) but would have increased the estimates of digestibility from Mn (0.94 g g −1 ) and lignin (0.91 g g −1 ) that were based on the respective concentrations of Mn and lignin in the ration. Low estimates of digestibility from Mn for Rations 1 and 2 in the summer indicate that intakes of Mn from forages were probably low and that other factors such as digesta flow may have influenced the fecal concentration of Mn. Negligible intakes of available forage by these reindeer is consistent with their sedentary habits, ad libitum availability of the rations, and with their preference for highly digestible emerging grass and leaves rather than the lower-quality forage items that were available in the latter parts of the summer and the fall during our study.
The positive relationship between digestible energy intake and body mass change reflects changes in body tissue as well as gut fill (Fig. 4A) . Most of the change in body mass was probably associated with gain of body fat. Rump fat depths of reindeer increased from 5.1 ± 1.6 cm in March to 8.2 ± 1.0 cm in November at the end of this study. However, corresponding measures of the jaw and the metatarsus over this same timeframe indicated that these animals had stopped net growth of their body frame.
Our ; using values from Nilssen et al. 1984 ; assuming a 1/3 reduction in metabolic rate after 10 hours of fasting ; Fancy 1986 ) body mass in non-lactating caribou that were held in neighboring pens during the same period of time (Thompson and Barboza 2014) . Subsequent work on caribou indicates that grass may add 20-35% to the food intake of caribou fed formulated diets from individual feeders during late summer (P. S. Barboza, pers. obs.) . Therefore, the estimate for maintenance energy requirement of non-lactating caribou is probably similar to our estimate for reindeer of the same age and reproductive state.
The digestible N intake at zero mass change was 1.14 ± 0.10 g kg −0.75 day −1 (Fig. 4B) , which was similar to that estimated at the maintenance requirement for energy (1.12 g kg −0.75 day −1 ). Our estimate for digestible N requirement is much greater than the maintenance requirement estimated for young reindeer (0.26 g kg −0.75 day −1
) and caribou (0.58 g kg −0.75 day −1 ) at 14-24 months by McEwan and Whitehead (1970) . N requirements are affected by endogenous losses of N in the feces and the urine but are not directly affected by differences in activity or thermoregulation, which usually confound comparisons of energy requirements among studies. McEwan and Whitehead's (1970) (Fig. 5B ) that accounted for 72-82% of total fecal N, which is similar to an estimate of 65-84% of fecal N in MFN from a cross-sectional study of captive ruminants including 1 reindeer (Schwarm et al. 2009 ). We found that fecal N increased with dietary N (Fig. 5A ) content and with digestibility of dry matter but declined with increasing digestibility of N in reindeer. These results are consistent with N models of reindeer, caribou, and other ruminants (Barboza and Parker 2006; Barboza et al. 2009 ) that predict an increase in fecal N concentration with increasing quality of the diet due to the effect of higher N concentrations in the diet as well as increases in dry matter digestibility that outweigh the effect of any increase in N digestibility. If digestibility of dry matter is high, fecal N concentration may be more influenced by digestibility of N, which is increased during lactation in white-tailed deer (Odocoileus virginianus) fed corn and soybeans . However, the relationship between dietary N and fecal N is also influenced by the mix of forbs, shrubs, and graminoids in the diet and thus the changes in physical and chemical structure of the plants during the season (Nunez-Hernandez et al. 1992; Dixon and Coates 2009; Wang et al. 2009) .
Fecal N losses varied with dry matter digestibility and food intake in reindeer. In summer, an increase in the fiber content of the ration during mass gain caused a decrease in digestibility of dry matter that was offset by an increase in food intake but also resulted in a greater loss of fecal dry matter and the N it contained. In autumn, low food intakes resulted in smaller losses of fecal dry matter and N even though digestibility of dry matter was low for both rations. Reindeer received more N as the concentration of N increased in the diet but retention of that N was modulated by seasonal changes in dry matter intake and digestion. Previous estimates of maintenance requirements may have been biased by the use of high-quality diets when animals were gaining mass. Our estimates of maintenance requirement are more robust because they are based on a wide range of food intakes during both gain and loss of body mass.
For this arctic capital breeder, the minimum dietary concentrations of digestible energy and N required to maintain body mass of female reindeer were calculated with the dry matter intake in summer (Table 2 ) when animals were gaining mass. Dietary minima indicate that reindeer could use a mix of graminoids and browse to meet energy demands and gain fat (6-18 kJ g −1 ) but may not be able to maintain or gain body protein as forages senesce and N contents decline to less than 1% especially if food intakes also decline in autumn (Thompson and Barboza 2014) . As seen in other capital breeders, reindeer increase intake to gain body protein as plants grow through early summer, and fatten quickly when biomass peaks in late summer before the quality and availability of forage decline with plant senescence and snow cover (Schwartz et al. 1984; Adamczewski et al. 1994; Albon and Langvatn 1992; Cebrian et al. 2008; Finstad 2008; Turbill et al. 2011) . Strong selection for high intake and replenishment of body stores is consistent with the sedentary habits and the early onset of estrus in reindeer compared with caribou in Alaska (Barboza and Parker 2008) . As a capital breeder, female reindeer can replenish fat and protein stores during summer, and these reserves may facilitate breeding in the autumn, winter survival, and pregnancy, in addition to parturition and lactation in spring before new high-quality forage becomes available (Bårdsen et al. 2010; Ballesteros et al. 2013) . acknowledgMents R. Shively, R. Ruffner, and S. Howenstien assisted with laboratory analyses. J. Ball, E. Garrett, and K. Oster assisted with care and handling of animals. UAF Veterinary Services provided support with facilities and animal health.
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